We previously reported the successful induction of complete spermatogenesis of mice in neonatal testis tissues cultured on agarose gel, with the culture medium supplemented with a bovine serum albumin product, AlbuMAX. This method, however, has not been examined for fetal testis tissues. In this report, we tested the culture method for fetal testes of the Acrosin (Acr)-Gfp transgenic mouse, whose testicular germ cells express GFP from the midmeiotic phase onward, using Albu-MAX-containing medium. The fetal testis, from 19.5 days postcoitum (dpc) back to 14.5 dpc, showed spermatogenic progression and produced haploid cells in culture. On the other hand, testes of 13.5 dpc or earlier did not show the meiotic sign of Acr-Gfp expression. Regardless of the fetal age, tissue masses enlarged during the culture period because of the elongation and thickening of the seminiferous tubules. This simple culture method could be a useful experimental system to investigate fetal testicular development and germ cell biology.
INTRODUCTION
Recently, we reported that spermatogenesis of mice can proceed from primitive spermatogonia up to sperm formation in neonatal testis tissues cultured on agarose gel [1] . The principle of the method was to place sample tissues at the interphase between gas and medium layers, called the interphase method, and it was developed in the 1960s and has long been a standard organ culture technique. In our initial study, we found that haploid cells can be produced through meiosis in vitro, using a medium supplemented with fetal bovine serum (FBS; 10% v/v) [2] . The efficiency of spermatogenesis, however, depended largely on the age of the mice used. In mice older than 6.5 days postpartum (dpp), spermatogenesis progressed steadily and haploid cells were found in a few cases. In neonatal mice, on the other hand, spermatogenesis barely proceeded. This inefficiency of in vitro spermatogenesis along with its age dependency was mostly resolved when FBS was replaced with knockout serum replacement (KSR). In fact, KSR markedly improved spermatogenic efficiency; the completion of meiosis and haploid formation occurred in most cases, which led to occasional sperm formation [1, 3] . In addition, it was found that AlbuMAX, column-purified bovine serum albumin, had the same effect on spermatogenic promotion as KSR when added to the medium [1] . Because KSR contains AlbuMAX, at 80 mg/ml, as one of its ingredients, the spermatogenic effects of KSR could be ascribed to AlbuMAX [4] . The effect of KSR/ AlbuMAX is strong enough to induce complete spermatogenesis even in the testis tissues of neonates. However, the culture method has not been applied to the testis in fetal periods, leaving its effect unknown.
Mouse gonads originate at the genital ridge around 10.5 days postcoitum (dpc), followed by sexual differentiation leading to either testis or ovary formation, which is morphologically apparent at 12.5 dpc [5] [6] [7] [8] . A series of these dynamic cellular and histomorphological events has been examined extensively using the organ culture method [9] [10] [11] . The organ culture method applied to gonad culture was mostly the interphase method [12] or hanging drop method [13] , with fetal calf serum or horse serum added to the medium. Culture periods were 2 to 5 days, which were long enough to observe the gonadal differentiation. In such studies, however, to our best knowledge there were no reports on the successive appearance of spermatogenesis in the cultured tissues. In fact, gonadal development later than 12.5 dpc has rarely been examined using the culture method, especially in relation to spermatogenesis. In the present study, we cultured testis tissues of 12.5-to 19.5-dpc fetal mice to assess whether spermatogenesis takes place using culture medium supplemented with AlbuMAX.
MATERIALS AND METHODS

Mice and Treatments
Acrosin (Acr)-Gfp transgenic mice [14, 15] (genetic background: ICR, C57BL/6, and their mixture) were used in all experiments, and their spermatogenic cells in the testis express GFP from the middle of meiotic prophase I onward during spermatogenesis. They were housed in airconditioned rooms, 248C 6 18C and 55% 6 5% humidity, with a 14L:10D cycle. MF hard pellets (Oriental Yeast Co. Ltd.) were given ad libitum. Drinking water was acidified to pH 2.8-3.0 by HCl. Females caged with a male were checked for a vaginal plug, and confirmed cases were separated in other cages. Fetal testes were obtained at 12.5-19.5 dpc. The mesonephros was removed from the testis. The testes were decapsulated after 16.5 dpc, when the tunica albuginea was recognized, and rinsed in a-modified Eagle medium (aMEM; catalogue no. 12000-022; Invitrogen) supplemented with AlbuMAX (40 mg/ml; catalogue no. 11020-021; Invitrogen) on ice. Then, each testis as a whole was placed on agarose gel for culturing. Testes of postnatal mice (1.5-7.5 dpp) were decapsulated and cut into two to four pieces of about 1;3 mm 3 . They were cultured in the same manner as fetal testes. All of the animal experiments conformed to the Guide for Care and Use of Laboratory Animals and were approved by the Institutional Committee of Laboratory Animal 
Culture Method
To make agarose gel stand for organ culturing, agarose powder was dissolved in double-distilled water to 1.5% (w/v) and autoclaved. During the cooling, 33 ml of agarose solution was poured into 10-cm dishes to form gel about 5 mm thick. The gel was cut into about 1 cm 2 pieces, and these were used as stands for testis tissue placement. Gels were submerged in the culture medium, aMEM þ AlbuMAX, for more than 6 h before use. Testes were transferred to the surface of agarose gel that was half-soaked in the medium. Each gel stand was loaded with one or two testes. Medium change was performed once a week. The culture incubator was supplied with 5% carbon dioxide in air and maintained at 348C. The protocol was reported previously in detail [3, 16] . Testes were cultured for at least 30 days.
Observations
Cultured tissues were observed at least once a week under a stereomicroscope to evaluate the Acr-Gfp expression and its spreading percent area in each tissue based on our previous GFP-expression grading scale [1] . This grading scale faithfully corresponds to spermatogenic progression and spreading over the tissue [1, 17] . Under observation with a stereomicroscope equipped with an excitation light for GFP (Leica M 205 FA), the area showing GFP expression was roughly measured and classified into seven grades: 0, 1%-10%, 11%-30%, 31%-50%, 51%-70%, 71%-90%, and 91%-100%. The second and last grades cover 10% each, whereas the other four grades, excluding grade 0, cover 20% each. Although it was not evenly allotted, it was practically useful for recording cases of minor GFP expression (less than 30% area) or major GFP expression (greater than 70% area) to be more accurate. GFP images with dots in seminiferous tubules were disregarded, and only stretches of GFP expression were taken into account as an indication of spermatogenesis. To identify haploid cells with an acrosome cap structure, cultured tissues were observed with an inverted microscope applying GFP-excitation light (Olympus IX 73). For measuring the size of the cultured fetal testis, images of each tissue spreading on agarose gel were used to calculate their covering area by computer software (Leica Application Suite version 4.3.0).
Histological Examination
At the end of the culture period, the tissues were fixed in Bouin fluid, embedded in paraffin, sectioned at 3 lm, and stained with periodic acid-Schiff. Specimens were observed with a microscope (Olympus IX 73).
Statistical Analysis
The nonparametric multiple-comparison test (Steel-Dwass) was performed to assess differences in the GFP expression area of each fetal age group. The GFP expression grades 0, 1%-10%, 11%-30%, 31%-50%, 51%-70%, 71%-90%, and 91%-100% were allotted values of 0, 5, 20, 40, 60, 80, and 95, respectively, because these are the median percentage values of each grade covered. P , 0.01 was considered to indicate a significant difference.
RESULTS
Efficiency of Spermatogenesis Dependent on Fetal Age
First, Acr-Gfp transgenic mouse testes at 18.5-19.5 dpc were cultured to assess whether spermatogenesis was induced in them. Because the Acr-Gfp transgenic mouse carries Gfp flanking the proacrosin promoter sequence, GFP expression starts in the midmeiotic phase during spermatogenesis. Because the Acr-Gfp construct contains a proacrosin signal sequence, GFP accumulates in the acrosome when germ cells become haploid cells. Thus, the progression of meiosis and haploid formation could be easily monitored in this line of mouse. In 10 experiments, GFP expression was observed in 29 of 35 cultured testes (82.9%). Thirteen testes of the 35 cultured (37.1%) showed greater than 70% GFP-positive area (Fig. 1A and Table 1 ). Thin-sectioned samples for histological examination revealed meiotic figures and spermatid formation (Fig.  1B) . When eight samples showing a GFP area over 70% were histologically prepared, every sample contained round or elongating spermatids.
Then, fetal mouse testes at 17.5 dpc or younger were used for culturing. There was a tendency whereby at increasingly younger fetal ages, the GFP-expressing area of the testis tissue became smaller. However, the expression of GFP was observed in the fetal testis as early as 14.5 dpc (Fig. 1C and Table 1 ). In 17 experiments using 64 testes of 14.5-dpc fetal mice, 36 (56.3%) were found to have expressed GFP. Among these 36 samples, 13 showed a GFP expression area greater than 31%. Four samples among them were also examined with an inverted microscope to show the presence of haploid cells in two samples (Fig. 1C) . Histological examination also confirmed round spermatids (Fig. 1D) . Thus, 14.5 dpc and older fetal testis tissues were cultured for in vitro spermatogenesis, including meiotic progression and haploid production. In the case of 13.5-dpc fetal testis, however, GFP expression was observed in only 1 of 25 testes cultured. The GFP expression area was less than 10%. With 12.5-dpc fetal testis, no GFP expression was observed in 44 testes cultured. Although we noticed that the GFP expression area was smaller in younger groups, statistical analysis did not show a difference among groups older than 13.5 dpc, except for between 14.5 and 18.5-19.5 dpc groups. On the other hand, there was a clear boundary between 13.5 and 14.5 dpc in the GFP expression area (P , 0.01; Table 1 ).
Testis Size Increment
The size of the explanted fetal testis appeared to have increased during the culture period. When fetal testis tissues at 12.5 and 14.5 dpc were cultured and observed under a KOJIMA ET AL. 
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stereomicroscope, the length and thickness of each seminiferous tubule appeared to have increased (Fig. 2, A and B) . Those cultured fetal testis tissues observed under the stereomicroscope were recorded as photographs. Using those images, the area of tissue on agarose gel was calculated using computer software. Based on the assumption that the tissue on the agarose gel grows in a flat disklike fashion and the volume would parallel the area of the disk, the growth features in the cultured fetal testis were obtained (Fig. 2C) . The size of each testis at 12.5, 14.5, and 18.5 dpc appeared to have increased about 3-to 3.5-fold in the culturing period. In order to obtain the in vivo testis size growth characteristics, neonatal testes were placed on agarose gel for 1 day, and the area was measured in the same manner as for cultured fetal tissues. The green dotted line represents the testis size increment in vivo, which is much greater than those of cultured fetal tissues (Fig.  2C ).
Delayed Expression of Acr-GFP in Cultured Fetal Testis
In the case of neonatal mouse testes (1.5-7.5 dpp), Acr-Gfp expression was observed in all 179 testis tissues ( Table 2 ). The GFP expression area in these neonatal testes tissues was larger than that in the fetal testes. In addition, the in vitro timing of Acr-Gfp expression of neonatal testis tissue was opportune or only 1 to 2 days behind compared with the in vivo timing, at . Each dot represents the culture of a single testis tissue. Samples starting from 12.5, 14.5, and 18.5 dpc are in red, blue, and yellow, respectively. The approximate lines are drawn based on the average value at each time point of each age group. The green line was produced based on data of samples cultured for less than 1 day as representing the in vivo size. D) The Acr-GFP appears at around 15.5 dpp in vivo. Testes of ages 1.5 dpp and 18.5 dpc initiated GFP expression around the same time as in vivo testes. In the case of 14.5-dpc fetal testis, the emergence of Acr-GFP was significantly delayed by about 14 days. Scale bar ¼ 500 lm.
KOJIMA ET AL. around 15.5 dpp (Fig. 2D) . In contrast, however, the Acr-Gfp expression in cultured younger fetal testes appeared to be significantly delayed in many cases. In order to confirm this, additional experiments, in which the observation interval was shortened from 7 days to 2 to 3 days, were performed. In the case of 18.5-dpc fetal testis, the timing of GFP expression was comparable with the neonatal testis. In the case of 14.5-dpc fetal testes, however, GFP was observed around the 35th culture day, corresponding to 29.5 dpp or ''age plus culture days,'' which is 14 days behind the in vivo timing (Fig. 2D ).
DISCUSSION
In this study, we showed that the fetal mouse testis can be cultured for the induction of spermatogenesis with a medium supplemented with AlbuMAX. Although the extent of spermatogenic progression depended on the fetal age, haploid formation was observed even with 14.5-dpc fetal testis. In contrast, however, 13.5-dpc or younger fetal testes barely showed Acr-Gfp expression under the culture conditions. Although it is unclear what caused such a difference, we consider two possibilities. Firstly, we paid attention to the timing of gonadogenesis whereby the principal histological architecture of the testis is formed at around 14.5 dpc. Testis formation starts with Sry expression, which continues from 10.5 to 12.5 dpc. The Sry, as a transcription factor, induces Sox9 expression, rendering the host cells into pre-Sertoli cells [8, 18] . These pre-Sertoli cells aggregate together, surrounding primordial germ cells (PGCs), and form cord structures until 12.5 dpc. Then, Leydig cells appear outside the cord structure, followed by endothelial migration from the mesonephros [19, 20] . At 13.5 dpc, peritubular myoid cells appear to cover the cord, by which the basic composition of the testis cord is set in place [18] . Thus, the primitive form of the seminiferous tubule is completed by 14.5 dpc. With this developmental background, fetal testis of 14.5 dpc or older may be able to support spermatogenesis. On the other hand, 13.5-dpc or younger fetal testes are still undergoing construction of their tubular structure, and so are not ready to support spermatogenesis. In particular, cell migration from the mesonephros takes place from 11.5 to 16.5 dpc, which plays essential roles in testis development. Above all, endothelial cells form a vascular network between the cords, which is critical for cord formation [8, 21, 22] . We cultured the fetal testis after removing the mesonephros in this experiment. It is therefore suggested that a sufficient number of mesonephric cells had finished migrating into the gonad by 14.5 dpc. Second, we assessed the number of germ cells. In the fetal mouse, the number of gonocytes, or prospermatogonia, is about 1000 at 11.5 dpc, which increases to about 10 000 at 15.5 dpc [23] . It increases rapidly from 12.5 to 14.5 dpc. Hence, the testis at 14.5 dpc contains a high number of germ cells, whereas the younger testis has fewer, being insufficient for spermatogenic progression.
DNA methylation in germ cells is rapidly abolished during the embryonic period, and the DNA is almost totally demethylated until around 13.5 dpc. Gonocytes enter mitotic arrest around this time, and their number changes little until several days after birth. During this dormant period, however, gonocytes actively reestablish their DNA methylation state as well as their paternal imprinting state [24, 25] . In this regard, this period of a week is critical for male germ cells and would affect later spermatogenesis as well [26, 27] . On the other hand, Ohta et al. [28] reported that gonocytes at or after 14.5 dpc can colonize and show spermatogenesis in the seminiferous tubules of the adult mouse following transplantation. This indicates that those gonocytes showed DNA methylation and paternal imprinting in the ectopic adult testis just as they usually do in the fetal testis. In contrast, PGCs at an earlier stage cannot proceed to spermatogenesis when transplanted into the adult testis. However, those PGCs, even in the migratory phase before arriving at the gonad, can undergo spermatogenesis if transplanted into seminiferous tubules of the neonatal mouse testis [29] . This method of transplantation into the neonatal mice was established as a reliable technique to induce spermatogenesis from PGCs [30] . This also indicates that epigenetic changes taking place in the PGCs and gonocytes can be secured not only in the fetal but also neonatal testis. Although we did not address such epigenetic changes in gonocytes in the present study, the molecular basis of those microenvironmental differences between fetal/neonatal and adult testis conditions would be an interesting theme for future research.
It is also noteworthy that testis cords or seminiferous tubules became thick and elongated during the culture period. In fetal development, elongation of the tubule starts at around 15.5 dpc, which is mainly based on the proliferation of Sertoli cells. It was reported that Leydig cells secrete Activin A, which stimulates the proliferation of Sertoli cells through a signaling cascade including SMAD4 [8, 31, 32] . Other than that, however, the molecular mechanisms of tubular growth and elongation remain to be elucidated. The organ culture method, in this regard too, can contribute and offer an experimental system for such study.
We found that in vitro spermatogenesis using fetal testes had delayed significantly, especially when younger fetal testes were used. In the case of neonatal testis or 18.5-dpc fetal testis, Acr-Gfp started its expression around the days corresponding to 14.5-17.5 dpp, which is comparable to that in vivo or a delay of only a couple of days. In the case of 14.5-dpc fetal testis, however, the appearance of Acr-Gfp was delayed for about 14 days. This is significant, and it would be important to clarify what steps in this process took time and caused the delay. 
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In the present study, we demonstrated that spermatogenesis can be induced in vitro using 14.5-dpc fetal testis. From this time point onward, there are dynamic epigenetic changes in gonocytes, and the extensive proliferation of Sertoli cells, which leads to the marked growth of testis cords. In addition, Leydig cells of the fetal type appear at around 12.5 dpc, proliferate, and mature, followed by the emergence of adulttype Leydig cells at around 7.5 dpp [33, 34] . Details of these events have yet to be fully clarified. The culture method we reported here may offer a technical basis for future studies in these areas regarding fetal gonads.
